Multispectral infrared measurements by the Diviner Lunar Radiometer Experiment on the Lunar Renaissance Orbiter enable the characterization of the position of the Christiansen Feature, a thermal infrared spectral feature that laboratory work has shown is proportional to the bulk silica content of lunar surface materials. Diviner measurements show that the position of this feature is also influenced by the changes in optical and physical properties of the lunar surface with exposure to space, the process known as space weathering. Large rayed craters and lunar swirls show corresponding Christiansen Feature anomalies. The space weathering effect is likely due to differences in thermal gradients in the optical surface imposed by the space weathering control of albedo. However, inspected at high resolution, locations with extreme compositions and Christiansen Feature wavelength positions -silica-rich and olivine-rich areasdo not have extreme albedos, and fall off the albedo-Christiansen Feature wavelength position trend occupied by most of the Moon. These areas demonstrate that the Christiansen Feature wavelength position contains compositional information and is not solely dictated by albedo. An optical maturity parameter derived from near-IR measurements is used to partly correct Diviner data for space weathering influences.
Introduction
Thermal infrared spectroscopy is a powerful tool for characterizing the surfaces of objects in the inner solar system; the major rock-forming silicates and other minerals that make up their surfaces exhibit unique vibrational spectral signatures in the region of thermal emission from about 5 to 50 μm. Among the spectral features present in this wavelength region is a peak in thermal emission called the Christiansen Feature (CF) that occurs at wavelengths somewhat shorter than the fundamental infrared vibrational features associated with each mineral, near a wavelength The Diviner Lunar Radiometer Experiment (Diviner) features three spectral bands designed to characterize the position of the Christiansen Feature. Diviner is a 9 band multispectral infrared radiometer on NASA's Lunar Reconnaissance Orbiter that has mapped most of the lunar surface at wavelengths from 0.3 to 400 μm at about 200-meter resolution. Among these bands are three narrow channels that span the wavelength ranges 7. 55-8.05, 8.10-8.40, and 8.38-8.68 μm (Diviner channels 3, 4, and 5 ) that are used to estimate the position of the Christiansen Feature using a 3-point parabolic fit to the emission at the three bands .
In the decades before the launch of the Lunar Reconnaissance Orbiter, it was suggested that thermal IR spectroscopy would be a uniquely powerful tool for lunar remote sensing in part because evidence indicated this technique was less susceptible to the known optical effects of exposure of the lunar surface to space ( Nash et al., 1993 ) . At the visible and near-IR wavelengths that are widely used for lunar mineralogic remote sensing, spectra of lunar materials are strongly influenced by exposure to the space environment, a process known as space weathering ( Pieters et al., 20 0 0; Hapke 2001 ) . Compared to spectra of the pulverized lunar rock that might be expected on the impact-dominated lunar surface, lunar regolith is darker and its spectra exhibit weakened spectral absorption features and a strong decrease in reflectance toward shorter wavelengths ( Fischer and Pieters, 1994 ) . These effects are now attributed to a combination of the optical properties of extremely fine-grained iron particles -nanophase iron -in vapor deposits on lunar grain surfaces produced by solar wind sputtering and micrometeoroid impact, and by ubiquitous dark glass produced by micrometeoroid impact that can comprise up to 30 wt. % of surface soils. However, two studies had suggested that space weathering would have less impact on thermal emission spectra than that found in spectroscopy at shorter wavelengths. Nash and Salisbury (1991) showed that the position of the Christiansen Feature of lunar analog minerals was not affected when the materials were vitrified, so the conversion of minerals to impact glass was not expected to cause a spectral effect. In an infrared spectral study of lunar soils returned by the Apollo Program, Salisbury et al. (1997) showed that the position of the Christiansen Feature in soils was not correlated with a widely accepted measure of space exposure. Together, these studies led to the expectation that Diviner measurements of the position of the Christiansen Feature would be little affected by space weathering, and so provide a straightforward indicator of the mineral composition of the lunar surface.
Once global data became available from Diviner, it became evident that the Christiansen Feature on the lunar surface was affected by space weathering Greenhagen et al., 2010; Glotch et al., 2015] . Young features such as interiors, ejecta and ray deposits of the craters Tycho and Jackson show Christiansen Feature positions at systematically shorter wavelengths than their more space weathered surroundings, as do deposits of the innumerable other young rayed craters. Lunar swirls, commonly thought to form as a result of inhibition of the space weathering process, also show shorter Christiansen Feature positions than the terrains upon which they are imprinted.
Away from fresh features, the underlying composition was also revealed by the position of the Christiansen Feature. As expected, the lunar highlands as a whole exhibit Christiansen Feature positions at short wavelengths characteristic of their very high feldspar contents, while the lunar maria show Christiansen Feature positions at longer wavelengths indicative of their more mafic lithologies.
The dependence of the Christiansen Feature on degree of space weathering is a partial impediment to its use for compositional estimation, in particular in regions where the degree of space exposure is highly variable, such as in the vicinity of young craters or on steep slopes where mass wasting may reveal relatively unweathered material. This paper quantifies the degree to which space weathering affects the Christiansen Feature, and presents mitigation techniques that allow the effects of space weathering to be normalized in order to examine the underlying composition as revealed by the Christiansen Feature. Finally, we will present and discuss hypotheses for the unanticipated space weathering dependence revealed by the Lunar Reconnaissance Orbiter mission's Diviner experiment.
Data sources
Diviner's three channels near 8 μm are used to estimate the wavelength of the Christiansen Feature. We used PDS-archived calibrated radiances from these three 8 μm-region channels to calculate effective emissivity and then fit the three emissivity values with a parabola. The wavelength maximum of the parabola is the estimated Christiansen Feature wavelength . Although Diviner-derived Christiansen Feature values deviate systematically from the Christiansen Feature emissivity maximum wavelength determined from high-resolution spectra, these deviations are well-understood ( Greenhagen et al., 2010 , SOM) . Of greater concern are variations in Christiansen Feature values caused by illumination and topography. Our data were "photometrically" corrected by projecting the data onto a high-resolution topographic grid, calculating photometric geometry, and applying the most up-to-date empirical correction methodology 2011 ) . Diviner data were binned at 32 pixel per degree to produce global maps of Christiansen Feature values for latitudes below 60 degrees, using all data collected from LRO's nominal 50 km mapping orbit (September 15, 2009 through December 11, 2011 .
The degree of space weathering is quantified using the OMAT parameter of Lucey et al., 20 0 0 applied to the multispectral data from the Clementine mission at 32 pixel per degree ( Nozette et al., 1994 ) .
We also compare the position of the Christiansen Feature to visible albedo measurements by the Japanese space agency (JAXA) lunar remote sensing satellite known as Kaguya or SELENE. Among its instruments, that satellite carried a multispectral camera that included a band at 750 nm and mapped the lunar surface at a spatial resolution of about 20 m ( Ohtake et al., 2008 ) . Here we use a mosaic of those data, photometrically corrected, and downsampled to 32 pixels per degree to compare to the Diviner measurements.
For some figures we use the Christiansen Feature wavelength positions reported by Salisbury et al., 1997 for lunar soils, and composition and space weathering analyses for the same soils by Morris, 1978 . Additional thermal infrared emissivity measurements of two Apollo 16 lunar soils of similar composition, 66031 and 67701, but with differing degrees of exposure to space weathering were measured under ambient and simulated lunar conditions are used. These laboratory measurements were made in the Asteroid and Lunar Environment Chamber at Brown University and are further characterized by Donaldson Hanna et al. (this volume) . For ambient or Earth-like measurements, samples are heated from below to 405 K in an environment chamber at ambient temperature and filled with ∼10 0 0 mbars of dry nitrogen. Lunar conditions are simulated by heating the samples from below to 405 K and from above with a solar-like halogen lamp in a cooled environment chamber ( ∼85 K) in vacuum. local Christiansen Feature lows; Tycho at (43.31 °S 11.36 °W), Jackson at (22.4 °N 163.1 °W) and Giordano Bruno (35.9 °N 102.8 °E) are particularly prominent, but the dark mottling throughout the highlands is also due to the presence of fresh exposures of small craters. For comparison, Fig. 2 shows the optical maturity (OMAT) parameter of Lucey et al., 20 0 0 , plotted as a negative for consistency with the Christiansen Feature image in Fig. 1 . The ray patterns for most of the large Copernican craters seen in the Christiansen Feature image are mirrored in this optical maturity parameter. Gold (1955) argued that a process operated on the Moon to alter its surface. He showed that among the population of large morphologically fresh craters, only the stratigraphically youngest exhibited bright rays, indicating that rays were removed over time. These arguments can be applied equally to the Christiansen Feature data set. Without exception, the same morphologically fresh craters that exhibit bright rays at visible wavelengths show local negative Christiansen Feature anomalies, that is, exhibit values that are shorter in wavelength than that of the surrounding background. The presence of rays in Christiansen Feature data for the large young craters on the Moon is strong evidence for the influence of space weathering on the lunar surface. lengths, while the more pyroxene-rich lunar maria show relatively long Christiansen Feature positions variations but more pure units will have greater contrast as discussed below.) Nevertheless, the space weathering effect must be taken into account when using Christiansen Feature wavelength positions for compositional estimates.
Results

Discussion
These results raise two questions: what is the origin of the unanticipated space weathering effect, and what can be done to mitigate these effects in compositional applications of Diviner Christiansen Feature data?
Origin of space weathering effects
We have formulated two hypotheses regarding the origin of the space weathering effects seen in Diviner data: The first is that the Christiansen Feature is influenced both by the underlying composition of the minerals present, and the physical and compositional changes associated with space weathering, analogous to the effects of space weathering on spectral properties at visible and near-IR wavelengths. The second is that the Christiansen Feature position is dictated by albedo-dominated variations in the thermal gradient in the optical surface, consistent with the general inverse correlation of the Christiansen Feature wavelength position and visible albedo. Thermal gradients are known to have a powerful influence on Christiansen Feature wavelength positions (e.g. Logan et al., 1973; Henderson and Jakosky, 1997; Donaldson Hanna et al., this volume ) and albedo is reasonably assumed to influence the thermal gradient of the surface, suggesting a connection between Christiansen Feature and albedo.
Composition physical effects
Extreme changes in regolith properties occur with space weathering on the Moon. A lava flow, impact melt deposit or other Morris, 1978 . I s /FeO is the most widely used indicator of exposure of lunar soil to the space environment, and is the abundance of nanophase iron (expressed in arbitrary units) normalized to the bulk soil iron content. There is no significant correlation between these quantities, despite the large range in soil exposure. For context the full range of I s /FeO over all lunar soils is 1 to 110 ( Morris 1978 ). unaltered rock on the lunar surface will be pulverized by meteorite impact and in its fine particulate state be subject to solar wind sputtering and implantation, as well as micrometeoroid bombardment (e.g. Hapke 2001 ). Both of these phenomena cause local vaporization of grain surfaces and leave amorphous vapor-deposited coatings on surrounding mineral grains. These coatings are unusual in composition relative to the source material, and contain iron spherules with diameters of tens of nanometers ( Keller and McKay, 1997; Pieters et al., 20 0 0 ) . In the visible and near-IR, the nanophase iron spherules have a powerful optical effect causing darkening of the surface, weakening of mineral absorption bands and imparting a continuous decrease in reflectance toward shorter wavelengths ( Noble et al., 2001 ) .
In addition to vapor-deposited coatings, micrometeoroid impacts also cause local melting, giving rise to small deposits of impact melt glass and mineral fragments called agglutinates. These agglutinates can comprise up to 60 % of highly exposed soil by volume and the glass itself up to 30% by volume ). The glass is itself dark, being infused with nanophase iron particles that may be gathered from fragments of previously produced vapor deposits remelted in the subsequent impact of a micrometeoroid. These compositional changes are matched by physical changes in grain size, grain size distribution and regolith porosity as rocks and minerals are broken down and glassy agglutinates accumulate.
Despite these large changes, measurements by Salisbury et al. (1997) indicated that there was no obvious correlation between mid-IR spectral properties and soil maturity. Fig. 4 shows this lack of relationship in the data of Salisbury et al. (1997) where no significant correlation is observed between the space exposure parameter I s /FeO and CF position. I s /FeO is the most common metric for estimating degree of space exposure in lunar soils -soil maturity in the lunar regolith sample literature -and is a measure of the abundance of nanophase iron in the bulk soil, normalized to the bulk iron content of the soil. The abundance of nanophase iron is quantified by the intensity of ferromagnetic resonance in lunar soils and normalized to the iron content because the ultimate source of the nanophase iron is the lunar rock itself. Additional evidence is provided in a paper in this volume. DonaldsonHanna et al. present thermal infrared spectra of lunar soils and among them are measurements of Apollo soils 67701 and 66031 collected at the Apollo 16 site (sampling stations 11 and 6, respectively). While these soils share very similar compositions (3.97 and 5.8 wt. % FeO respectively, indicating similar feldspar to pyroxene ratios), the extent of their exposure to space is very different. Soil 67701 has an I s /FeO value of 39 and 66031 has a value of 102. This is a large fraction of the full range of I s /FeO across all measured lunar soils, which range from 1 to 110 ( Morris 1978 ) . The infrared spectra of these two soils collected under ambient conditions are shown in Fig. 5 ; there is very little difference overall, and little difference in Christiansen Feature wavelength position, consistent with Salisbury et al. (1997) . These spectral measurements suggest that the physical and compositional changes accompanying space weathering do not have a strong effect on spectral properties of lunar regolith measured under ambient laboratory conditions, supporting the conclusions of Salisbury et al., 1997 .
Thermal gradients
The Salisbury et al. (1997) data, and those in Fig. 5 from Donaldson Hanna et al. (2012b) , were obtained under terrestrial ambient conditions. Measurements at < 10 −4 mbar pressure with a radiative environment simulating that in space -illuminated from above by a roughly solar light source, and with a low temperature background -causes strong changes in the spectral properties of powdered materials (e.g. Logan and Hunt, 1970; Henderson and Jakosky, 1997; Thomas et al., 2012; Donaldson Hanna et al., 2012a ) . Donaldson Hanna et al. (2012b) measured 67701 and 66031 under simulated lunar radiative conditions with very different results than those obtained under terrestrial conditions ( Fig. 6 ) . Measured under simulated conditions, the more space-weathered soil shows a Christiansen Feature wavelength position at a longer wavelength than the less weathered soil, consistent with the sense of the Diviner observations, though the magnitude of the shift (0.09: 8.02
μm for 66031 and 7.73 μm for 67701) is twice the difference in CF between Copernican nonmare craters and the mature background. This may simply indicate that 66031 is less mature than the regolith of the population of Copernican craters. The spectra of the soils measured under simulated lunar conditions also feature a substantial decrease in emissivity (increased spectral contrast) at longer wavelengths, which could potentially be observed in Diviner channels 6 (12.5-25 μm) and 7 (25-50 μm).
The major physical difference between samples measured at ambient and simulated lunar conditions is the presence of a strong thermal gradient in the optical surface enabled by the very low conductivity of lunar soils in a vacuum. Under terrestrial conditions vigorous gas conduction results in isothermal conditions in the optically active upper layer of a regolith surface; in vacuum conduction is limited by the small area of grain-to-grain contact. Henderson and Jakosky (1997) constructed a combined thermal and radiative transfer model of the thermal and infrared spectral effects of illuminating particulate surfaces from above under varying pressure, and the influence on the thermal emission spectrum of the materials. Using quartz and basalt as test materials, they successfully reproduced the major spectral effects of varying pressure shown in the Logan et al. (1973) experiments; spectral contrast increases greatly with reduced pressure and the Christiansen Feature shifts to shorter wavelengths. In their model these effects arise from the combination of two phenomena. First, because their test materials were more transparent in the visible than in the infrared, energy from the illumination source is deposited more deeply than is accessible to radiative cooling at infrared wavelengths. The consequence is the accumulation of energy below the surface producing a warm layer below a cooler surface layer. This process, called a solid-state greenhouse, was previously recognized and experimentally verified ( Dissly et al., 1990 ) . Second, the infrared opacity is strongly wavelength dependent owing to the variation in optical properties of the test materials, causing variations in the depth from which radiation is derived. Where opacity is low, the net emission includes a contribution from the warm layer below the surface and so tends to have higher emission than the isothermal case. As pointed out by Henderson and Jakosky (1997) , the result is that the emission spectrum in the presence of a thermal gradient is a product both of the inherent spectral variation in emissivity that gives rise to features in the emission spectrum even in the isothermal case, and also to the degree to which each wavelength samples the thermal profile at depth. Because the infrared opacity generally increases toward longer wavelengths, the net effect is to suppress emission on the long wavelength side of the Christiansen Feature, and increase emission on the short wavelength side, causing a shift of the peak to shorter wavelengths.
The variation in pressure was explored as a variation in thermal conductivity by Henderson and Jakosky (1997) . While this aspect of the model explains the experimental results of Logan et al., 1973 and subsequent experiments, the case of varying conductivity with other parameters held constant is not closely analogous to the lunar case, where pressure is constant (zero) but albedo varies.
A comparison of the results of Henderson and Jakosky (1997) for quartz and basalt under the low-pressure (low conductivity) case is relevant. Because the basalt has a much lower albedo than quartz, energy from the illumination source is absorbed over shorter scales than in the former case, and the length scales of absorption and emission are more similar. The consequence was that the model spectral effects of the thermal gradient that are vividly displayed in the quartz case were subdued in the case of the low albedo basalt. Taking the isothermal case as a reference, the CF of the high albedo material (quartz) shifted strongly to shorter wavelengths, while the CF of the low albedo material (basalt) shifted weakly, if at all. This comparison is complicated by the fact that the spectral properties of the basalt are quite different than quartz, and so the lesser shift in wavelength in the basalt cannot be unambiguously attributed to its lower albedo, but the result is of the right sign. The experiments suggest that in the presence of thermal gradients, among surfaces with similar compositions but variable albedo, brighter surfaces ought to exhibit shorter CF positions than darker surfaces, consistent with observations.
If we assume that measurements under ambient conditions reflect the major compositional influences on the infrared spectra, then the Salisbury et al. (1997) and Donaldson Hanna et al. (this volume) results suggest that the physical and compositional changes with space weathering have a minor effect on the inherent optical properties of lunar soils. However, measurements under simulated lunar conditions show space weathering effects that are consistent with the Diviner observations. What is not yet known from laboratory experiments are the relative magnitudes of the thermal gradient and compositional influences. Does albedo entirely dominate the Christiansen Feature position, meaning that Diviner thermal infrared multispectral measurements of the CF simply reflect albedo and are not contributing substantial independent compositional information? We can test this hypothesis using the Diviner data itself.
Albedo-Christiansen feature wavelength correlation
We can falsify the hypothesis that the Christiansen Feature wavelength is solely dictated by the visible albedo by finding major exceptions to the correlation. The most likely exceptions would be found at locations featuring minerals with extreme Christiansen Feature wavelength positions; if albedo controls the Christiansen Feature then these locations should show similar extreme albedos, and fall on the general CF-Albedo trend. Glotch et al. (2010 Glotch et al. ( , 2011 reported anomalous spectral shapes associated with extremely short Christiansen Feature positions that they interpreted to be due the presence of silica rich minerals or silica glass. These locations offer a powerful test of the albedo-Christiansen Feature control hypothesis. At the other end of the lunar compositional range, Arnold et al. (submitted for publication) examined lunar areas shown by near-IR reflectance spectral measurements to be rich in olivine, the lunar mineral with the longest wavelength Christiansen Feature position.
We extracted the CF values of these silica-rich and olivine-rich regions from the Diviner data, and albedo from the Kaguya 750 nm albedo mosaic and present them in Fig. 7 . Clearly the Si-rich regions fall strongly off the trend, and many of the olivine-rich locations also fall substantially off the trend. Despite the extreme CF values reflective of their unusual compositions, both of these compositional types show relatively unremarkable albedos. This demonstrates that albedo alone does not dictate the position of the Christiansen Feature wavelength.
Mitigation
The combined effect of composition and space weathering complicates the use of the Christiansen Feature wavelength position for compositional inferences. This situation is not without precedent. Several papers have used visible albedo to estimate iron and aluminum contents of the lunar surface, despite the obvious influence of weathering (e.g. Fischer and Pieters 1995 ) . Similarly, spectral ratios between UV and visible wavelengths have been used to estimate titanium abundances in the lunar maria, also despite the obvious influence of space weathering on this parameter (e.g. Charette et al., 1974 ) . In both cases users took care to limit analysis to flat surfaces where mass wasting could not act to expose fresh material, and avoid features clearly associated with fresh craters. This approach has been taken with data from Diviner where analysis of the iron content of pyroclastics inferred from Christiansen Feature wavelength positions is limited to level areas with no evidence of significant amounts of fresh unweathered material ( Allen et al., 2012 ) . We can estimate the uncertainty in CF position when confining analysis to mature surfaces. Allen et al., 2012 tabulated the CF values for Apollo landing sites. Among the 4 sites where CF values were extracted for mare surfaces with very similar iron contents, the standard deviation is 0.02 μm, much smaller than the 0.1 μm difference between mare and highland. Lucey et al. (2010) developed an empirical correction to the Diviner data using the optical maturity parameter OMAT ( Lucey et al., 20 0 0 ) . The concept was simple. Given a CF that is a combination of space weathering and composition, a properly scaled independent measure of extent of space weathering may be successful at freeing the CF measurement from space weathering influences. The principal metric for success is a visual suppression of the obvious space weathering artifacts at the global scale. Recently Arnold et al. (submitted for publication) used the algorithm of Lucey et al. (2010) to correct CF values for the effect of space weathering. That paper underscored the importance of the ambiguity associated with the Christiansen Feature wavelength position without regard to space weathering. Olivine-rich locations identified by Yamamoto et al. (2010) in near IR spectra data were interpreted by them to be composed of pure olivine in some cases, a strong indicator of the presence of outcrops of the lunar mantle. Arnold et al. showed that without correcting for space weathering, Christiansen Feature wavelength positions also suggested that several of the olivinebearing locations contained no plagioclase (again, a strong indicator of lunar mantle material). However, application of the space weathering correction of Lucey et al. (2010) resulted in shifting the Christiansen Feature wavelength position of the olivine-bearing locations to shorter wavelengths, leaving no olivine-bearing locations with estimated mineral abundances free of plagioclase, and most containing substantial amounts of plagioclase. Thus a space weath- ering correction has important implications for the understanding of lunar lithologies.
Here we revisit the correction of Lucey et al. (2010) , update its parameters, and present aspects of its effectiveness. Figs. 1 and  2 show the two parameters of interest-Christiansen Feature position and OMAT. By coincidence, the OMAT scale factor that best removes the obvious effects of large rayed craters from the CF map is 1.0, leading to a base correction is the simple sum of the Christiansen Feature wavelength position and OMAT. Because OMAT is everywhere positive and its addition would shift all the CF values to longer wavelengths, we elected to tie the correction to a known location. At Jackson crater, the lower portion of the central peak is composed of pure anorthosite and for lunar material is relatively fresh ( Ohtake et al., 2009 ). We elected to subtract an offset from the sum of CF + OMAT to make the central peak of Jackson equal to its minimum value ( ∼7.9 μm) that is somewhat similar to the measured value of anorthite under simulated lunar conditions (7.84 μm, Donaldson Hanna et al., 2012a ) . The penultimate correction is:
The CF image adjusted for space weathering is shown in Fig. 8 . The strong anomalies at the large young rayed craters have been eliminated successfully.
Note this is somewhat different than the correction used by Arnold et al. (submitted for publication) (offset constant used in that paper was 0.4). This difference does not alter their conclusion that the olivine-rich locations identified by Yamamoto et al. (2010) do not include dunite.
Examined at high resolution, the correction based on OMAT does show some problems that we address below. Fig. 9 a shows the CF image for Giordano Bruno, likely the youngest crater of its size on the Moon ( Basilevsky and Head, 2012 ) . The interior and continuous ejecta show CF lows, and its distinct ray pattern is also evident. While it is possible this young crater has coincidentally exposed a rich deposit of anorthosite, this is probably unlikely. The OMAT image of the crater is shown in Fig. 9 b where similar features are visible. Note however the strong low maturity anomaly (high OMAT value) evident in the walls of the crater. A similar feature is not observed in the CF image. Applying the OMAT correction given above nicely removes the ray pattern, but imposes a high CF value on the walls of the crater ( Fig. 9 c) . This ring is solely the result of the very high OMAT value of the crater wall compared to the lack of this distinct anomaly in the CF image. This suggests a distinct difference in weathering effects between the two parameters, and the need for some mitigation in using OMAT for this correction.
The high albedo of the walls of Giordano Bruno would imply a relatively extreme thermal gradient within the surface, but the thermal conditions within the crater may alter the expectations applied to flat slopes. The very steep walls of this crater are viewing much less solid angle of cold space than a flat lying surface, and this may suppress the thermal gradient dependence on albedo relative to a flat surface. Regardless of the explanation, OMAT overestimates the effect of space weathering at these locations. Our simple solution is to limit the OMAT value to 0.3 everywhere prior to correction, on the assumption that this overestimate at Giordano Bruno is consistent Moon wide. A consequence of this limitation is that the CF position of the least weathered surfaces are little adjusted by the application of OMAT, while the more space weathered surfaces are shifted toward values consistent with mineral mixtures. The result of the application of this refinement is shown in Fig. 9 
We now examine a case in the lunar maria. The lunar swirl Reiner Gamma is an interesting case for understanding space weathering ( Hood et al., 1979; Hood and Schubert, 1980; Blewett et al., 2011; Garrick-Bethell et al., 2011; Kramer et al., 2011; Denevi et al., 2014; Glotch et al., 2015; Hemingway et al., 2015 ) and the vicinity also features the nearby crater Reiner with steep walls brightened by mass wasting and exposure of fresh material. Fig. 10 shows CF (a), OMAT (b) and corrected CF (c,d) images of the Reiner Gamma Swirl as well as the crater Reiner. The swirl and Reiner as distinct low maturity anomalies, as are a number of small craters in the vicinity of Reiner. Reiner gamma shows as a subtle negative CF anomaly consistent with a less mature surface. The interior of Reiner is indistinct with an inconsistent pattern, while the small fresh craters nearby show local CF lows. Application of Eq. 2 results in Fig. 10 c. The adjustment appears to have overcorrected the space weathering effect and both Reiner crater and Reiner Gamma show positive adjusted CF anomalies. We find that scaling OMAT by 0.5 produces an improved correction at Reiner Gamma and some of the small craters ( Fig. 10 d) . This can indicate some change in the nature of space weathering in the maria relative to highlands, or alternatively an uncompensated bias in OMAT in representing maturity in the mare regions. For the present we are recommending the correction given in Eq. 2 pending further investigations.
Finally, we apply the space weathering correction ( Eq. 2 ) to the global data set and present the results for the Copernican and Eratosthenian craters in Fig. 11 . After the correction most of the Copernican and Eratosthenian crater deposits show CF positions consistent with the lunar highlands (in contrast to Fig. 3 ). Both populations have a long tail toward longer positions; these are consistent with their locations within the lunar maria.
Conclusions
Our findings indicate that space weathering affects the position of the Christiansen Feature position as measured by Diviner. Known lunar features associated with space weathering variations, in particular Copernican rayed craters and lunar swirls, have corresponding Christiansen Feature position anomalies. Prior spectral measurements of lunar soils with widely different degrees of space weathering measured under terrestrial ambient (isothermal) conditions indicated the spectral effects of space weathering would be small. However, under simulated lunar conditions a pair of Apollo 16 soils -67701 and 66031 -that differ principally in degree of space weathering are substantially different spectrally, with shifts of Christiansen Feature wavelength consistent with Diviner observations.
We also observe a strong inverse correlation of albedo and the CF position. This suggests that albedo may have a strong influence on the Christiansen Feature wavelength position perhaps by affecting the thermal gradient. However, close examination of areas with known extreme composition or Christiansen Feature wavelength position (silica-and olivine-rich locations) deviate strongly from the overall lunar Christiansen Feature wavelength-albedo trend, showing that composition is a strong control on the measured lunar surface Christiansen Feature wavelength position and albedo is not the sole control on this parameter.
Use of the Christiansen Feature wavelength position data as currently available must take space weathering effects into account, but much of the lunar surface is fully mature and studies of mature surfaces should produce consistent results. Uncertainty in CF position when confined to mature surfaces is about 0.02 μm. The near-IR derived OMAT parameter can be used to correct the CF data for the space weathering effect, but the results can be improved upon. Comparison of CF and OMAT suggest that in the least weathered areas the two parameters diverge in their response to space weathering. This could be an effect on thermal gradients of surfaces on steep slopes, or inherent problems with OMAT. The proposed correction is less effective in the lunar maria; future adjustments could improve it, such as imposing a compositiondependent scale factor.
The understanding of space weathering effects in the thermal infrared is just beginning and outlines of the issues are emerging. This paper has shown that thermal infrared spectroscopy is demonstrably affected by space weathering, but these effects can be mitigated to some extent. Empirical measurements in the laboratory have been an invaluable guide to understanding these effects, as has the limited theoretical work done.
Two major thermal infrared spectral experiments are planned for the near future (OTES on the OSIRIS-Rex mission to the dark asteroid Bennu and MERTIS on the BepiColumbo Mercury orbiter). Mercury exhibits very strong space weathering effects in the visible and near-IR, and in contrast to the Moon, shows very weak compositional variations in available spectral data, so the extraction of the compositional signal from MERTIS data will require special care. The spectral response of C-type materials to simulated space weathering is a topic of active research, but the lunar example is a caution that the asteroid may have properties contrary to expectations derived from laboratory experiments.
An effective, predictive model of the infrared spectral effects of space weathering on planetary materials will be an essential tool for drawing confident conclusions from these data. However, it is clear that a comprehensive understanding of space weathering on thermal infrared spectra of planetary materials is not yet in hand. The planned thermal spectral measurements of Mercury and Bennu suggest that ongoing effort s in this area have some urgency.
